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ABSTRACT

This report describes an experimental effortto determine solar cell degrada-
tion and angular respounse in a 2000 NM polar orbit, Solar cell experiments
including five different types of solar cells were devised for each of two Alr
Force orbiting veiicles, The cell types were dendritic siiicon, dendritic silicon
drift field, cadmium telluride thin film, cadmium sulfide thin film, and fon
implanted eilicon. The cells were teasted in & module configuration consisting
o1 eight, 1 x 2 centimeter cells of each type in electrical series,

The short circuit current and open circuit voltage parameters were monitored
over g one year period. The measured degradation was compared with predicted
degradation base.. upon the Van Allen inner belt proton/slectron model and results
of accelerator produced 1 Mev electron radiation. The total proton/electron
environmant in the 2000 NM polar orbit corresponded to an equivalent 1 Mev
electron fluence of 7.3 x 1015 e/em2 per year which produced a prea‘cted power
deyradation of 38 perceant in non-drift fleld silicon cell types and 31 percent in
silicon drift field types, Measured guantities were found to substantiate tho
validity of the 1 Mev electron method for predicting silicon solar cell damage.
Thin {iim solar cells (in the configuration described in the report) failed in
earth orbit for reasons other than radiation damage, Thermal effects and
mechanical delaminaticn are believed to be the most likely reasons for their
failure.

The angular responsa of solar cells in space egreed with angular response
measurements taken in the laboratory except for effects of stray radiation from
earthshine and vehicle reflections, Angular response was also determined to
be independent of radiation damage level,

(I'nis abstract is subject to special export controls and each transmittal to
foreign governn.ents or foreign nationals may be made only with prior approval
of the Alr Force Aero Propulsion Laboratory, APIP-2, Wright-Patterson Afir
Fcorce Base, Ohlo 45433.)
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SECTION 1

1. OBJECTIVE

The Air Force Aero Propulsion Laberatory (AFAPL) has completed the
analysis of data resulting from two solar cell space experiments conducted
in a 2000 NM near circular polar orbit.

The objectives of these experiments were to demonstrate the space per-
formance capability of new solar cell types, to determine their potential space
environmental resistance advantages, to define operational problems for guiding
future exploratory development efforts, and to define the severity of the environ-

ment with regard to solar power plant operation in this orbit over a one year
period,

2, BACKGROUND

The resuits reported in this technical reportpertain to flight tests conducted
on two separate Alr Force parent Agena vehicles, Each experiment was injected
into the 2000 NM orbitas a tertiary flight test objective on an Atlas launch/Agena
boost-orbital vehicle, The experiments were conducted as joint SAMSO (SMUME)/
AFAPIL (APIP-2) efforts. The experimental solar cell (ion implanted silicon,
cadmium sulfide thin film, cadmirm telluride thin film, dendritic silicon and
dendritic ailicon drift flcld) modules inciuded in the flight teste were products

of AFAPL exploratory development programs in the area of solar power.

3. EXPERIMENT CONCEPT

At the time of conception of these experiments, June 1965, flight test data
on solar cell performance degradation in a 2000 NM polar orbit were limited.
Inclusjon of the Air Force Aerc Propulsion Laboratory experiments on the SAMSQO
vehicles afforded the opportunity to measure cell performance degradation as
a function of time in orbit and to compare the measuvred quantities with predicted
values ased upon existing models of the Van Allen radiation belt.
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During the on-orbit life of the experiments, short circuit current (SCC),
gpen circult voltage (OCV), and {emperaturs paramenters were messured on s
non-interference with primeary payload basis using the command and telemetry
system of the parent vehicle. Sun incidence angles were determined using sun

sensor and cortrol moment gyro rate informnaiion.

4. EXPERIMENT LIMITATIONS

Certain mission related limitations were imposed on the operation o1 the
AFAPL solar cell experiments., Since link § telemefry over which solar cell
experiment data transmission occurred could not be activated until Agena boost
vehicle engine final shutdown, no data were obtained from the Flight 1 (FTV-1)
experiment during the first 200 revolutions (23.2days)and no data were obtained
from the Flight 2 (FTV-2) experiment duringthe first 20 revolutions (2.32 days).
Thus, on~orbit performance data upon orbit inlection and radiation damage data
immediately subsequent to orbit injection were not cbtained.

A further restriction on the acquisition of data was that sun incidence on
the experiment panels (which were rigidly mounted upon earth~oriented vehicles)
had to occur in conjunction with activated link § telemetry and within tracking
station data acquisition range, This restriction resulted in the accumulation of
considerable data at very large sun incidence angles. Much of this daty vas
discarded because of difficulties encountered in validly correcting the dats over
a8 wide range of incidence sangles due to earthshine and vehiclt reflections.

Regardless of the existence of dual paneis vn each vehicls, only a slngle panel
wag {lluminated at any given time, with the periods of panel {llumination/panel
shadowing alternating at six month intervals, as the earth movea between
conjugate points, Thus, no direct on-orbit performance comparisons between
panels could be made,
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SECTION II
SPACE EXPERIMENT

1, EXPERIMENTAL PANELS
Each flight vehicle carried two space experiment panels, one mounted on the

~Y arm sarray and one mounted on the +Y arm array. Each experiment panel
included one eaci: ol the following solar cell modules:

Designation Type Marnufacturer
WN Dendritic Silicon Westinghouse
wD Dendritic Silicon Drift Field Westinghouse
GE Cadmium Telluride Thin Fiim General Electric
AR Cadmium Suifide Thin Film Clevite
Ip Ion Implanted Stlicon Ion Physics

A photograph of the FTV-~1 solar cell space experiment pauel configuration
is shown in Figure 1, The unitshownis the qualificaiion test panel S/N 001 priar
to qualification testiing. The modules from the top of the photograph to the bottom
are as follows: Ion Physics Corporation ion implanted silicon (IP series),
Clevite Corporation cadmium sulfide thin film (AR series), General Electric
Company cadmium tslluride thin film (GE series), Westinghouse dendritic
silicon drift field (WD series), and Westinghouse dendritic silicon (WN series),
The IP, AR, GE, WD, and WN designations are used to simplify refereunce to
the specific module types.

Each flight module consists of 8 serfes-connected 1 x 2 c¢cm solar cells
bonded to 10 mil thick metal substrates with RTV-41 adhosive. Silicon module
subsirates are Kovar. Thin film module substrates are molybdenum, Individual
coll substrate dimensions are 4 cm x 12 c¢m which allows ample area for cell
plscsment and edge attachment to the Lockheed Missile and Space Company
{LJC9)y 14 Inch x 17 inch magnesium space experiment panel. The pauel has
2.7 ¢ui x 10,6 cmcutouts over which the cell modules are placed. Electrical leads
from the modules are brought out through the cutouts and connected to the
appropriate terminal posts on the backside. A single temperature sensor is
positioned on the dendritic silicon drift field module.

e L i s kLU Rs
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Cracked Filters

Figure 1, Phctograph of AFAPL Solar Cell Space Experiment
Qualification Test Panel (Prior to Testing)

PRIOR TO TESTING § S/N 0O
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Figure 2 shows the location of the AFAPL Solar Cell Space Experiment on
the vehicle forward solar arrays. One experiment panel {s located on the ~Y

arm array and another panel on the +Y arm array. This redundant approach was
taken to insure that some data would ke cbiatned in tho ovent

~ o~ o *_
L i Al Wiy UYL

> mna dbla —
Olio O w® Ower

experimont panels faijed to survive orbit injection,

2, SOLAR CELL CHARACTERISTICS

Since the planned orbits for both Flights 1 and 2 would carry the AFAPL
experiment througzh the magnetosphere near the center of the inner Van Allen
radiation belt, it was necessary to shield the silicon cell types to prevent
rapid degradation from low energy protons, Six mil thick glass shields
(.04 grams/cmz) were placed on all sflicon solar cells with RTV 602 adhesive,
*lo special shielding was provided for thin {lm cells other than that resulting
fromn the nature of construction of the cells themselves, Cadmium telluride
cells composing the GE modules were sprayed with a .5 mil Krylon protective
overlay. Clevite cadmium suifide cells composing the AR modules were en-
capsulated with 1 mil Kapton plastic as a standard construction technique.

Silicon cell types were all of the N on P type construction, The § - 10
ohm-cm dendritic webb silicon starting materisl and the ion implanted silicon
starting wafers were in the 12 - 14 mil thickness range with completed colls
having .3 to .5 micron junction depths and solder dipped contacts. Silicon module
air mass zero efficiencies at 28°C were 7 - B percent for the WD (dendritic
{licon darift field) moduies, and 8 - 9 percent for the WN (dendritic silicon}

d IP (fon implanted silicon) modules.

0

Thin film cell composition consisted of 1 mil N-type cadmium saifide and
cadmiwn telluride film on 1 mil molybdenum metal base material in the case
of AR modules and GE modules respectively, Copper sulfide/cadmium sulfide
and copper telluride/cadmium telluride P on N heterojunctions were formed by
the cuprous ion fimmersion technique, In the cadmium sulfide cells, a mechanical
screen grid P-layer contact wus used without an intervening conductive bond in
the case of Flight 1 modules and with an intervening conductive bond in the
case of Flight 2 modules, Cadmium telluride cell contacting consisted of gold
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fingers and bus bar formed by vacuum evaporation through a metal mask, Series
conneciions beiween cadmmium telluride cells were accomplished by shingling,
using Epoxy Products, Ihc., 3026 adhesive for the conductive bond, Thin {ilm
module air mass gero efficiencies at 28°C were 2 to 3 percent for the GE

(cadmium telluride) modules and 3 to 4 percent for the AR (cadmium sulfide)
modules,

3. CELL TEMPERATURE EFFECTS

Since sclar cell short circult current and open circuit voltage vary with
temperature, it was recognized that all flight data would have to be corrected
for temperature. Test data for the various cell types were, therefore, obtajned
from each manufacturer. From these data, short circuit curreunts and open
circuit voltages relative to the 100°F values were calculated, and are plotted in
Figures 3 through 6, (Preiliminary analysis of flight data indicated that the most
useful data were at or near 50° solar incidence, and the associated steady state
temperature of approximately 100°F),

During the flight experiments, temperature was measured at only one point
on the experiment panel, This point was directly behind the WD module, This
one temperature measurement is considered adequate for all cell modules
during steady-state conditions, but, unfortunately, steady temperatires were
seldom attained, due to the frequent passage of shadows over the panel. The

reported temperatures must, therefore, be regarded as approximate for all
modulas other than the WD module.

4, PRE-FLIGHT EVALUATION

Pre-flight module evaluation was conducted to determine the electrical
performance characteristics of each flight module at normal radiation incidence,
the change in characteristics as a function of varying inciderce angle, and module
suitabliity for flight through qualificationtesting (in the flight panel configuration)
to the vehicle launch and operating environmental apecifications,

Evaluation of modules for voltage-current characteristice under normally
incident sunlight was accomplished at Table Mouniain, California, by special
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arrangements with the Jet Propulsion Laboratory of the California Institute of
Technology. A summary of performance of all modules based upon this data
is shown in Table L Simiiar data were also obtained at AFAPL, using a carbon
arc solasr simulator, Due to carbon arc fluctuations, the Table Mountai.: data
were considered to he more accurate and are used as a basis for all flight
data analysis,

Since space experiment data on flight modules would be accumulated at
varying angles of incidence, it was essential to know the telemetered electrical
parameters (short circuit current and open circuit voltage) as a function of
incidence angle. Without knowledge of these relationships it would be impossible
to correct data to normal incidence conditicns. Determination of these relation-
ships was accomp'ished at AFAPL using a carbon arc simulator in September
1965, and using an X-25 solar simulator from October 1967 to October 1968
(See Jection 1II).

The vehicle contractor (LMSC) was responsible for conducting qualification
tests on the S/N 001 gqualificaticn test panel as follows:

Vibration Test:

1. Random: £ minutes of random vibration were applied at the
following levels in all 3 mutually perpendicular axes.

14 - 400 CPS at .07 g*/CPS
400 - 200 CPS at .13 g2/CPS

2. Sinusoidal: 10 minute low level vibrailon sweep at approximately
1/2 g followed by a vibration sweep ai & sweep rate of 3 minutes per octave at
the following levels in all 3 mutually perrendicular axes,

5 -« 14 CPS at .5" double amplitude

14 ~ 400 CPS at 5.0 g
400 -~ 2000 CPS at 7.5 g

12
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Acceleration Test:

11,0 g's - two axes
2,5 g's - one axis

o minuie duration

Shock Test:

Three shocks of 30 g's and 8 milliseconds .aration in each of the
$ mutually perj endicular axes.

Transporation and Storage Test:

Ambient to +160°F in 45 minute period,

. Malintained at 160°F for 4 hour period.

Reduced tc -65°F over 2,§ hour period,

Malintained at ~-65°F for 8 hour —e1iod,

Pressure reduced to 87 Texr -~ maintained 10 minutes.
Pressure and temperature then returned to room ambient.

ﬁ(’l:ﬁtﬂwi—‘

Humlidity Test:

1. Temperature of experiment panel increased from room ambient to
+140°F over a 2 hour period,

2, Malntaived ai +140°F and 55% relative hwnidity for 6 hours.
3. Temperature then reduced linearly to rcom ambient in a 16 hour
period,

High Tempersture - Low Pressure Test:

1. Experiment panel temperature was raised from room ambient to
+175°F at 7.5°F per minute under subatmospheric pressure of 1073 torr,

2. Temperature level of 1756°F was maintained for 2 hours.

14
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Low Temperature Test:

1, Experiment panel temperature was reducedto~170°F at the following
rates:
Room ambient to ~60°F at 2.4°/minute
~60°F to ~140°F at 2.5'/m1nute
~140°F to =170°F at 1,0°F/minute

2. FPanel was maintained at ~170°F for 24 hours and then returned
to room temperature,

Temperature Cycling Test:

Step 1 - From room ambient to +110°F over a 10-minute period and
maintained at +110°F for 15 minutes,

Step II -~ From +110°F over a 75~-minute period and msintained at
=140°F for 15 minutes,

Step III - From ~-140°Fto +110°Fover a 35-minute perjod and msaintained
at 110°F for 15 minutes,

Step IV - Steps II and III were repeated two times,

Sten V « From 1110°F {5 room ambisil temperaiure over a pariod of
10 minutes.

Figure 7 shows the condition of the qualification test panel upon completion
of the above qualification tests. As can be seen, the centrally lonated GE
{cadmium telluride) cell strip has lifted from the molybdenum substrate with
attendant electrical discontinuity, Although not spparent from the plotograph,
the AR (cadmium sulfide) substrate has partially separated from the magnesium
experiment panel and while still responsive eloctrically, the open circuit
voltage 14 only 55 percent and the short circuit current only 27 percent of ius
original specified values, Only minor damage was incurred by silicon moduis s,

15
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Cracked Filters

Photograph of Sclar Cell Experiment Panel Following i

Figure 7.
Qualification Test

16
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Tables H and I summarize the visual and glectrical defocts observed in
tho modules upon completion of each aspect of the qualification-test program.
Since proper electrical operation of flight modules was not a requirement for
qualification, and since nu maierial completely left the panel during the tests,
the experiment was conaidered to be qualified for flight on a non-interfcence
basis,

5. SOLAR C/ONSTANT

fince the orbit of the earth around the sun is an ellipse with the sun at one
focus, the earth-sun distance varies continugusly as the earth traverses its
orbital path, with respect to the calendar, the maximum earth-sun distence
(94.4 millijon miles) occurs early in July and the minimum earth-sun distance
(1.3 milljon miles} occurs early in January, The variations from one year to

another are negligible. In general, the distance between the earth and sun is given
by:

D=K[1~ecosZ7;,t ]

Where D is the earth-sun distance

K is the mean earth-sun distance (52.9 miilfon miles)
€ is the ezcentricity of earth’s orbit (.0167330)

t is the minimum number of days from 1 January

Y ias the length of the vear in days {385,.2583

1
&0\ F)

Thus, the earth-sun distance can be calculated &t any point in the earth’s orbit.

The solar constant is defined as the radiant power delivered by the sun
outoide the earth’s atmosphere at earth’s mean distance (92.9 million miles)
from the sun. The value of the solar constant is 140 m‘-.v/cmz.. This value
increases as the earth approaches perihelion and diminishes as the earth

approaches aphelion. The value at any point in the earth’s orbit is given by the
inverse square law:

Hx =Do -2
[H—O T, |
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Where:

Ho is the value of the solar constant at known distance D o
Hx is the unkmcwn value {or value to be calculated) at distance Dx

Thus, the value of the solar constant canbe calculated at any point in the earth’s
orbit ocorresponding to any given calendar date, Figure 8 shows the yearly
variation of the solar constant relative to the value (140 mw/cm2) at the mean
earth-sun distance. As can be seen, the value varies from approximately
136 mw/em2 at aphelion (July) to 145 mw/cm2 at perihelion (January). For
purposes of solar cell space experiment data analysis, this veriatfon in solar
constant causes negligible changes in open circuit voltage, bhut causes pro~
portionate changes in short circuit current. All short circuit curreut flight
data were, therefore, corrected to 140 mw/cmz. using Figure 8.

6. FLIGHTS 1 AND 2

Flight Test Vehicle 1 (FTV-1) booster ignition occurredat 12:30 PM pacific
daylight savings time on 19 August 1966, The vehicle achleved nominal orbital
parameters of 2011,55 N.M apogee and 1994.89 N M perigee at sn orbit plane
to equatorial plane inclination of 30,15 degrees. The correspcending orbital period
for FTV-1 was 167.56 minutes. )

Second stage booster (SSB) shut down did not occur until 8 September 1966,
Since link 5 telemetry over which solar cell experiment data transmission
occurred could not be activated until SSB shut down, no data were obtained from
the Fiight 1 experiment during the first 200 revolutions. Link 5 telemetry
activation occurred on FTV-~1 revolution 196 and proper operetion of the AFAPL
experiment was verified. The first useful data were obtained in an active pass
over the New Hampshire Tracking Station (NHS} on the 213th revolution,
Additional NHS data transmissjons occurred until revolution 1095 when link
5 telemetry fallure occurred on 16 January 1967, The FTV-1 experiment,
therefore, covered a total in-orbit time of 127.4 days, Only -Y armn data was
obtained during Flight 1, as sun incidence in conjunction with activated link
5 telemetry and within tracking station data acquisition range, occurred only on
the -Y arm forward solar array.
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Fligbi Tesi Vehicie 2 (FTV-2Z) was isunched on 4 Ociober 1966, The vehicle
achieved nominal orbitel parameters of 2002.64 NM apogee and 1992.57 NM
perigee at an orbit plane to equatoriasl plane inclination of 90.17 degrees, The
oorresponding orbital period for FTV-2 was 167.61 minutes, Uselw’ data were
obtained for the -Y arm mocdules from revolutions 21 to 1542, and from revolu-
tions 1566 to 3072 for the +Y arm modules, corresponding to 358 daya.

The Flight 2 experiment was torininated on 13 Cotober 1967, when the vehicle
oxperienced a major attitude perturbation. The condition grew progreasively
worse, and on 16 Ocicber 1967, the wehicle was reported to be out of control
and tumbling. Ground station fixes on the vehicle telemetry transmissions
oould not be maintained sufficiently long to obtain further AFAPL solar cell
space expariment data,

7. FLIGHT DATA ANALYSIS

Telemetry end to end transmission errors were of the order of five percent,
Experiment raw data was recorded on magnetic tape during active passes over
tracking stations. These recordings were subsequently shipped to Lockheed
Missiles and Space Company for reduction by computer. Analysis of reduced data
&t AFAPL was conducted manually using the computer listings provided by
Lockhecd, Figure 9 shows a single page of reduced data from a 66 page listing
for Flight 2 revolution number 574, This page was selected for exemplification
because it shows open circuit voltage as well as ahort circuit current data,
Since short circuit current is most affected by radiatior., the experiment wus
geared primarily to measurement of this parameter at wvehicle system time
intervals of one second. The command for module open circuit voltage readout
was generated at vehicle system time intervals of 200 seconds. The approximate
ratio of total short Gircuit current readings tototal open cirouit voltage readings
was approximately 30 to 1, The duration of experiment ‘‘on time’’ during active
passes veried from approximately 10 to 30 minutes, ’

Preliminary inspection of all flight data indicated that an incidence angle

of 50°, and the corresponding averazge temperature of 100°F, should be selected
as the basis for detailed data analysis, A smaller incidence angle could not

22
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be selected, since all short circuit data exceeding 33 ma for ailicon mod

wles

and 17 msa for thin film modules had to he discarded because of instrumen~

iatlon/telemetry circuit saturation. All data obviously affected by shadowing of
& portion of a module vere zleo discarded.

During initial analyses, efforts were made to correctall data to 0° incidence.
These efforts were abandoned hecause insuiffclent informatfon was available to
rcorrect the error iniroduced by reflectione from the veanlcle surface and the
earth's albedo, (Thic effect apparently varied from ¢ {0 30% of the short circuit
curreni, as discussed in Section 1IJ),

Final analysis of short circuit current data was, therefore, accomplished

as follows:

1,

Whenever possible, for each recorded revolution, the short circuit
for each module at exactly 50° fncidence was extracted. Since one
or two mocules would usually be partially shadowed, the unshadowed
data nearest to 50° incldence was sclected fcr these medules, and
corrected to 50° Incidence, using the cosine law. (Data points not
within 80° + 5% ware discarded.)

The selccied current values were corrected to 100°F, using Figure 3,
4, 5 or 6, as applicable.

The current values were then corrected to 140 mw_/cmz, uaing
Figure 8,

The above values weare then converted to percent, by dividing by
the corresponding preflight 50° incidence valus. The 0° preflight
vaiue was obtained from Table I, and corrected fo 50° incidence at

100°F, using the appropriate curves in Figures 3 through 6 and
12 through 18.

Open circuit voltage data points for finel analysis were also selected and
corrected in accordance with the above procedure, except that the soiar constant
and incidence angle corrections wers found to be negligible and were omitled.
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For purposes of data analysis it was assumed that angular response and
toamperature coefficlents of the various modulur types were independent of
radiation damage level. ®t was also assumed that all {luminated modules were
at the same temperature as the iliuminated WD module with the temneraturn
sensor, All data taken during partial or romplete shading of the WD module was
ignored. These simplifying assumpticiw shwidd vt result fn large discropauncles
fi. the results,
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i1, OBJECTIV

This investigation was performed to determine the angular response
information required for proper analysis of the data obtained during Flights 1
ard 2 of the joini AFAPL - SAMSOQ Solar Cell Space Experiment. This neces-
tllated correlation of data obtaiued during both laboratory and space tests of the
fiva {ypes of solar cell modules which were included in the space experiment,

The objective of the space experiment was to determine loag term (1 year)
togracation In a 2000 nautical mile polar orbit, of the five types of experimental
solar cells. Unfortunately, ali data were obtained during continuously varying
solar incidence angles, &s the wehicle was earth oriented, Results of the space
experimeat were found tc be critically dependent upon angular respouse so final
avalysis of the data from the space experiment was deferred pending completicn
of the angular response investigation reported herein,

In addition to many other preflight and qualification tests (see Section @)
voit-ampere curves were obtained at AFAPL In September 1965 for one module
of each &y at 0° 10° 20° 30°, 40°, 50° 60°, and 70° angles of incidence, using
# crrbon are solar simulator, an electronic load, and an X=-Y plotter. Unfortu~
pelely, due primarily to stray reflections in the test area and rapid fluctuations
in the csrbon arc, angular response characteristics calculated from these curves
wore found fo be of questionable value, A more detailed investigation of angular
responde characisristics wae therefore conducted at AFAPL during the period
from October 18867 to October 1968, concurrently with analysis of telemetered
tate frome Flipghts 1 and 2,

2, LABORATORY ANGULAR RESPONSE TESTS

Starting In October 1967, & surplus automatically recording photometric
systom way modified and wutilized for angular response tests, This meodified
gystem includes:

(1) A goniometer with 360° horizontal and vertical movements, accurate
to 20.1°,

26
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(2) A continuous curve recording microammetar, wiwnn a i0" sgals,

(3) Decade resistance boxes to provide any desired scale factor for the

rovordor, and any desired lvad fur the sclar ceil or moduie under test,
(4) Electrical synchronization of gonjometer, recorder paper drive, ana
variable speed system driving motor,

(5) Shroud and baffles to eliminate reflections and stray rcom light,

(6) Water-cooled, temperature~controlled mounting block for cell or
module.

{7) Hoilow shaft~cross hair arrangement to permit accurate alignment of
medule surface with goniometer axes of rotation,

The spare and qualification modules which were still opercble were tested
with the carbon arc simulator in an attempt to duplicate preflight test resultis,
Because of carbon arc fluctuations, repreducible curves could not be obtained,

Curves were also obtained using readily avallable 28 volt, 1000 weit,
PAR~64 airoraft landing lamps {General Electric #4615) connected io a regulaied
power source. Curves obtainred while using one of these lamps as a solar
simulator showed no fluctuations, and were exactly reproducible. Comparison of
these curves with those obtained at a later date, using the same modules and an
X~25 solar simulator showed that the difference In spectral distribution preduced

no noticeable change in angular response, under either short circuit or open
circuit conditions.

All laboratory data utilized for this report were obtzined using an X-25
simulatcr borrowed by AFAPL in January 1968, (Spectrolab Model X~25,
Serial #112, with a 2500 watt Xenon short arc lamp.) The simulator was adjusted
to provide 140 mw/cm on the module surface, as measurud by calibrated

o B NN
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stanaard ailicon solar cells. Angular response curves similar to Figures 10 and
11 were automatically drawn for each module, under short circuit, cpen circuit,
and load conditione, veing the following nrocedures:

(1) IDluminate the module at 0° incidence, 14¢ mw/cmz. 30-35*C,

! (2) Set decade boxes to provide desired module load, and approximaxely
: 8.5" recorder deflection,

3) Operate recorder at paper speed of 1™ pcr minute to demonstrate that
module output is stable.

{(4) Set goniometer at -~980° incidence, and synchronize goniometer and
recorder,

i (6) Rotate goniometer/recorder system at 10° per mimite from ~90° to
0° to +90° incidence, reverae, and rotate back to ~90° incidence,

The procedure demonstrates nzodule stability and data reproducibility and
provides four data points for each incidence angle, which were then averaged to
minimize systematic errors, such as the decrease in surface temperature as
incidence angle is inoreasod. The averaged values were then plotted in final
angular response curvee for sach module as shown in Figures 12 through 16,
Since sji gvaiioble GE pnd AR moduies had geriousiy deterioraied, daia were
obtained for twu representative individual cells in geod condition, see Figures 17
and 18, X is interesting to note that the short circuit curves for the deteriorated
modules GE-6 and AR~7, Figures 14 and 15, resemble the maximum power
curves for good individual cells, Figures 17 and 18. The shapes of the short
c¢ircuit angular responseé ocurves, therefore, indicate that Modules GE-6 and
AR-T7 now have high internal resistance, Thiz s confirmed by the woltage~curreut
characteristics of theae modules, E is also evident that the shape of the angular
response curve for any module or cell is determined by the sum of the internal
module or cell resistance, aud the external load resisiance, The llmniting shapes
are, of course, the true short circult and open circuii curves.
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WN, WD, GE, and IP module output remafraid stable, but AR module short
increased aeppreciably during the frat fowminutes of [linnivation
as shown in Figure 19. This change was temporary andrepeatable; initial output
was restored after the cell had been covered for sevw.ral hours, This chauge was
too groeat and too slow to be directly caused by charges in moedule surface tom-
porature which were small because the module was mounted upon & large tem-~
persture~controlled metal block, Curves similar to Fignre 18 for the other
modules showed an immediate rise i currept i the final velue,

3. MODULE PERFORMANCE CHARACTERISTICS

While still mounted and il'um:'‘neted as cescribed, each racdule and cell
was connected to an automautic elsetronic leuid and X-Y plotier, The re¢sulting
voltage-current characteristic curves are shcum in Figures 20 through 26,
Figures 20, 21, and 24 show ty.'cal V-1 curves ior silicon nodules in good
condition, Figares 22 snd 23 show serious deteriaration, approximaetely 30% o
short circuit current and 20% in unen circuit witage, of the thin film medules
during 2 1/2 years laboratory storage ax! testing.

4, SFACE ANGULAR RESPONSE DATA ANALYSIS

Data sets were received for aboui 60 of ths 2072 reveiutlons made by the
ight 2 vehicle, A sample duxa page i8 phown in ¥igu-v 4, 7o date saf (Hev-~
olution 650, =Y arm) covering the greatest renge o1 ncldencs wngloe was solected
for detailed analysis. Short ciwcult datx ¢! 2° wordernsc i gio L340 vels, and ell
open circuit data, were exiracted frou: 1hur dofa dey, aad o ransd v 100°F aud
140 mw/cn12. All gshori civcult date zxosed/ng 33 nua for silicon modules cusa
17 ma for thin film modules had t: ! dizaerqiad because of i:alrumentatio,
telemetry circult saturation. All daso civiously affected by shadowing of a
portion of a module were also discaraed. <orrccted short circuit values for
each module were then p!2ited against the laboratory short circult value for the
same incidence angle &nd module of the same ‘ype, as ghown In Figures 27
through 31,
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The data peints {n Figures 27 through 31 lie reasonably well on a straight
line which does not pass through the origin, This indicates that the space short
clrouit anaul sponsc for oach moduls Is siiniiar to ihe iaboratory anguiar
response, except for the effect of reflectod radiation from vehicle surfaces a.d
earth’s alwdo. If It is assumed that this similarity extends over sll angles of
incidence, short circuit values for 0° and 90® incidence masy be determined by
straight lnc extrapolation. Using both corrected data points and extrapolated
points, Figures 32 through 36 were plotted to show space angular response for
each module. These curves indicate that the reflected lllumination, ag determined
by short circuit current extrapolation to 90° incidence, is between 13 and 29%

of the total illumination as determined by short circuit current extrapolation to
0° incidence.

Lines similar to Figure 28 were pletted for the WD modules on buth arms
of the Flight 2 vehicle for all available data sets, Results were similar in all
cases, except for considerable variation (0 to 21% of total illumination) in the

o b

magaituiae of. refleciion vunecia, The results obtained for module WD~4 after

358 days 1in orbit (revolution 3072, +Y arm) are typical, and are presented In
Figures 37 and 38,

5. LADORATGRY ANGULAR RESPONSE RESULTS

When accurately tested with an X-25 solar simulator at 140 mw/cm?, the
anguiar response curveg for all modulcs in good coudition, and the cadmium
telluride and cadmium sulfide individual ceils, were basically similar, and had
the following characteristics in common (See Figures 12, 13, 16, 17, and 18):

(a8) The ehort circuit is proportional to the cosine of the angle of incidence
from 0° to 50° incidence., From 507 to 90° incidence, the short circuit
current is slightly leas than proportiinal to the cosine, probably due
to specular reflection losses from the cover. (Silicon cells had 5 mil
glass covers, CdS cells were encapsuiated with 1 mil Kapton, an? CdTe
celle were sprayed with a 0.5 mil Krylon overlay.)
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(b) The open circuit voltage is relatively unaffected by incldence angle
from 0° to 50° incidence. At 50° Incidence the open circuit voltage
reduction is only about 2%, and 1s about 6%, at 70° Incidence.

(¢) As might be expected, the angular responsge curves for maximwmn power
and partial (high resistance loads) lie between the short circuft and
open circult curves, For a good silicon module, Figurs 13, the maximum
power curve closely rescmbles and Is from 0 to 5% higher than the
short circult curve,

One CdTe and one CdS module, both of waich had substantially increased
internal series resistance due to degradation in storage, had short circuit
response curves appreciably higher than the cosine curve, from 0°to 75°
incidence, Figures 14 and 15, These curves are similar in shape to those
for loaded thin film ceils in good conditicn, Figures 17 and 18, '

CdS module chort c¢ircult current varied appreciable with time, Figure 19,
and with recent exposure history. This variation is slower in time and greater
in magnitude than any variation which could be attributed directly to temperature
changes within the thin film cell.

Voltage-current characteristics for 0%, 20°, 40°, and 60" angles of incidence
are shown in Figures 20 through 26,

6. SPACE ANGULAR RESPONSE RESULTS

Partial angular response data were obtained for 60 of the 3072 revolutions
made by the Flight 2 wehicle, Unfortunately, no short circuif current data
could be obtained at incidence cngles less than 40° for silicon modules, and
22° for thin~film modules, because the instrumentation/telemetry circuits
gaturated. Furthermore, no direct measurements were made of reflections
from vehicle surfaces or the earth’s albedo. The following conclusions are
derived from analysis and extrapolation of the best available data, Figures 27
through 38,
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®)

()

(©)

(@)

Both short circuit current and open circuit voltage angular response
in space appear to be similar to laboratory angular responss, excepl
for the effect of reflected energy from vehicle surfaces and the earth’s
albedo,

On different revolutions, the reflected energy appeared to vary from
0 to 30% of the total energy, as estimated by extrapolation of the short

circult angular response data.

No information was obtained as to how the reflected energy tncident
upon the modules varied during any one data run; the longest of which

was 38 minutes,

Prolonged exposure to the space environment (75.6 days for Figures 27
through 36, and 358 days for Figures 37 and 38) produced no apparent
changes in the shape of the angular raesponse curve, Sume degradation
in total output of each mocule occurred and is discussed in Section V
of this report.
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ERVIRONMENT AT ORDBIT ALTITUDE

1. ELECTRON AND PROTON FLUXES

While sciar aviay teugperature excursions ranged from ~170° Lo +1%0°F
In bard veewwn duating shadow/sunlight trane {ts, the principal item of interest
frome & 8olar oell demsge slandpoint was the enerpetic chargod particls environ-
ment Jue to elactronr nd protous {rapped in the earth’s magnetic fleld., An
attom was therefore naede to eatimate the total integrated electron aud proton
Thamer f1om published mewdels of the Van Allen radistion belt snd to correlate
themty  fluxes with dunape olaerved fu solar cells by accelerator produced
1 Mev eleclron flax in the labcralovy, The regfon of interest wae the inner zone
trovnsd rediation crvironment st an altitude of 2600 nautical nelles (1.58 earth
radil), From Referenze L (pepe 51) the following values for omnidirectional
prolon exposure rate fu o 2000 nautical mile, 80 dogrea inclination orbit were

obtwlued.

Ounidirectional

Proter Frorgy Exposure Rate (Blem® - Day)
E > 4 Hev 8,22 x lO9
E > 6 Moy 3.28 x 10°
E > 8 Meu 1.32 x 1¢9
E > 10 Moy 5.3 x 108

From Reference 2 (paye 61) the following value was obtained for omni--
directional electron exposwre rate iu this orbii:

Omnidirectional
Electron Energy Exposure Rate (e/cm’ - Da
E >.5 Mev 4.22 x 10"

Ignoring the effects of energetic particles produced by solar flare occur-
reuces, the worst case conditions correspond to a pruion exposure rate of
8,22 x 109 P/cmz- Day (E>4 Mev) and an electron exposure rate ot
4.22 x 10* e/em? . Day (E>.5 Mev).
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2, EQUIVALENT 1 MEV ELECTRON FLUX

From Rosenweig's data, Figure 38, (Reference 3), the conversion factor
from omnidireciionai fissior. olecirons {o equivajent normal incident 1 Mev
electrons 18 .90 for a shield thickness of .04 grams/ oni? (6 mil glass).

Therafore:
&, = (90) (.22 x 10*}) = 3.8 x 10
(e = 1 Mev)

1 e

cm2 - day

Dainage produced by energetic protons can also be eetimated by relating the
proton exposure rate for the various energy ranges to equivalent 1 Mev electron
fiux, Figure 40 shows the omnidirectional proton exposure rate (d%,) > E at orbit
altitude plotted as a function of proton energy from 4 to 10 Mev. It can be seen
from this curve that the proton exposure rate decreases significantly with
increasing proton energy and that the majority of sclar cell damage is produced
by the lower energy protons due to their kigher number, It should be noted that
a 6 mil (.04 gm/cm2) shield wiil absorb all protons with energles less than
4,5 Mev,

An equivalent 1 Mev unidirectiornal, normally incident electron flux for
each midpoint in the energy ranges of interest can then be established for aach
omnidirectional proton/cm2 frola Figure 41, (Reference 3), with the following
results:

Proton Euergy Oumnidirectional Equivalent 1 Mev Electron Equivalent 1 Mev

Range Expcsure Rate Flux per proton,’cmz - day Electron Flux
(Mev) (P/ems -+ day’_ (From Figure 41) e/cmé . day
4.5 - 6 3.2 x 109 3.2 x 103 10.2 x 1012
6 -8 1.96 x 169 2.9 x 103 5.7 x 1012
g - 10 7.87 x 108 2.6 x 107 2.1 x 1012
> 10 5.3 x 108 2.3 x 103 1.2 x 1012
TOTAL 1.92 x 10%3

The total equivalent 1 Mav electron flux is obtained by summatior of the flux
equivalences for each proton epergy range midpoint. This summation yields a
total 1 Mev eiectron flux equivalent of
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n | Mev elecirons
192 x 10

cm” - day

or

<I>p(| Mev election equivolent) = 1.92 x 10" e/cm® - day

The total damage ostimated at any given time in this orbit should be based
upon a total 1 Mev electron exposure rate of

Oy + D, = (0038 x 10'") + (192 x 10"
3 2 x 100 | Mev electrons

cmé - day
3. PREDICTED RADIATION DAMAGE

The total equivalent integrated 1 Mev electron fluxes corresponding to
time periods througnout the total experiment on-orbit lfe of 358 days were
calculated. The 1 , V and P_  values were then obtained at the various flux

L Yo Po
levels from Cherry’s and Statler's data on the effects of 1 Mev electrons on
silicon solar cells, Reference 4, These estimated damage ratios can be compared
with the actual damage observed in the flight experiment for the I, WN, and WD
modules only, since these modules are the only ones containing cells of the same
basic types as those included in the Cherry and Statler data. The predioted
damage Is shown and s ocvmpared to the aciual flight data in the applicable
figures and tables in Section V,
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EXPERIMENT RESULTS

1. SHORT CIRCUIT CURRENT AND OPEN CIRCUIT VOLTAGE

The 50° incidence short circuit curreat and open circult voltage values for
each module after selection. correction, and cunversion topercent, as discussed
in Section II, were plotted in the following figures:

Flight 1 Flight 2 Flight 2

SCC ocv ~Y Arm ~Y Arm 4+Y Arm

Figuic Figure Modules Modules Modules
42 47 WN-3 WN-4 WN-5
43 48 WD-5 WD~2 WD-4
L4 49 GE-5 GE~3 GE-4
45 50 AR-5 AR-10 AR-8
46 51 Ir-2 IP-5 1P-4

The predicted values of short circuit current and open circuit voltage,
calculated by the method described in Section IV, are also shown in Figures
42, 43, 46, 47, 48, and 51,

During Flight 2, no data were obtained for the -Y arm panel after 182
days, and no data were obtained for the +Y arm panel during the first 182 days,
Beoth pancls weors, of course, exposed L the summe gpace envirorinent, Flight 1
data were obtained for the -Y arm panel only, for 127 days, Sunce Flight 1 and
Flight 2 orbits were nearly identical, dzta from the thres panels for esch type of
module can lovically be ploited aguinst time in orbit in the same figuve, for

direct comparison and analysfs,
The degradation wvalues listed i{n Tablos IV through VI, aud the following
comments, are hased upon a carelul examination of the results plotted in

Figurce 42 through 51:

1. The total degradations for the 358~day experiment are listed in Tabls IV,
The open circuit voltage degradations for the three silicon modules are,
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for all practical purposes, equivalent, and approximately as expected.
The WD module short circuit performance is surprisingly good. The
AR modules failed in Flight 1, and appeared to be falling in Flight 2,
fur reasons other than radiation damage. The GE Modules show
excessive current and woliage degradation in Fligat 1, and high current
degradation in Flight 2, probably for reasons other than radiation
damage.

Table V shows the initial degradation during the first 20 days in orbit.
(Although the test data indicates that the Initial degradation occurred
in much less than 20 days, the 20 day perlod was selected in order to
obtaln a sufficient number of data points to assure a valid average.)
It is evident that the initial current degradation for all five types of
modules 13 at least twice as great as expected. The GE and AR
degradation is probably due to delamination or other physical dete-
rioration, simila1 to the degradation of these modules during laboratory
storage and testing in the same time pericd. This rapid initial da~
gradation of the silicon modules may be due to proton damage in edge
and/or contact areas of the cells wkich may not have been corapletely
covered, Of course, some of the apparent initial degradation of all
medules might be due to telemetry/instrumentation calfbration errors,

The approximate annual degradation rates are listed in Table VI, in ai
effort to isolate long-term radiation damage effects from the excessive

$2mem M. S Ammasa e T mabnn ceamman S N PN BY . Gipuy | RPN g Vo g |
nitial dcgrada..c... AnCHRT ainiiiudl TiwWs WiId GSlermindd alter tne mitial

[

20 days for the test data, and after 160 days for the predicted values.
After 160 days the predicted curve essentially becomes a straight il
when plotted to the time scale used in Figures 42 through 51, For
silicon modules, the actual current degradation is slightly less than
expected, and the actual voltage degradation is somewhat greater than
expected. The negative current degradation for the WD modules is
inexplicable, If the high WD curreunt were due to reflected energy, the
WN and IP cwrents should also have been higher. The cause of the
regative voltage degradation for the GE modules is also unknown,
but similar behavior has been noticed in long term laboratory vacuum
ultra-violet tests,
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TABLE ¥

PERCENT DEGRADATION, AFTER 358 CAYS IN 2000 NM POLAR ORBIT

Short Circuit Current

Y P Open Circuit Veltogs
mUGne
Type Predicted™ | Test Resuits™ | Predicted™| Test Resulis ™
WN 25 297 19 17 +4
wD r 68 7 8xq
GE(FTV-2) 36tg 6tg
AR(FTV-2) 293 506
IP 25 24 t8 q 1727
# Predicted degradation wos caiculoted by method outiined in S ction I

m Ths bond which best contains the valid points in each of Figures 42

through S| was determined by inspection

TABLEX

PERCENT !NITIAL DEGRADATION, AFTER 20 DAYS IN 2000 NM POLAR ORBIT

Short Circuit Current

Open Circuit Voltage

Module
Type Pradicted Teet Hesulte Prodicted Test Results
WN 9 203 6 62
wD ¢ 103 6 72
GE(FTV-2) 22 t4 142
ARIFTY-2) 22%3 19t 2
1P 9 20%4 6 g3
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The WD moduies clearly provided better overail performance during this
experiment than any of the ¢iher medule types. The WD modules were, therefore,
selocted as standards for comparison, in an effort to eliminate aystematic
errors and thershy readuce the data spread, Figures 52 and 52, thorsfors, show
WN, GE, AR and IP currents relative to WD cwrrent, Each point plcited was
obtained by dividing the uncorreoted short circuit current value by the cor-
responding WD uncorrected value. This procedure should cancel out all errors
except random errors, small differences in temperature and temperature
correction constants, and possible small differences in reflected energy and/or
shadowing effects,

Figures 52 and 53 do, in fact, show greatly reduced data gpread, and clearly
show the current degradation of all other meodules relative to the WD modules.
The downward slopes of all lines definitely show that the WD modules have the
lowast rate of cwrrent degrad:tion,

Figures 54 through 56 show a less successful attempt to treat open circuit
voltage data in a manner simflar to the above. The vultage data points still
show appreciable scatter, probably due to instabilily of the thin film modules,
and the fact that temperature differences have a much greater effect on open

cireuit voltage than on short ¢. cult current., These figures do, however, show
that:

1, The three types of silicon modules have <nly minor differeuces in
voltage degradation rate.

2, The AR modules degraded rapidiy,

3. The GE modules had a negative open circuit voltage degradation rate ~
a characterisvic which has also been observed in laboratory vacuum
ultra-violei tests,

2. ERROR ANALYSIS

The major types and sources of error in the short circuit current and open
circuit voltage space data are:

1. Telemetry/instrumentation ca. bration and processing errors.
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Temperature differences (only WD module temperature was recorded),
Random arrors.

Effect of refiectad energy.

Effoct of shadows,

Iicidence angie mossureinéut sirors.

O‘.G':h('ﬁt@

The elfect of the above errors, especially § and 6, was minimired by the
selection of data at 60°+5° incidence angles, and the discarding of all data
apparently affected by shadows, as discussed in Section Il The firat type of
error listed above is the only one that would equally affect both open circuit
voltage and short circuit current.,

3. POWER OUTPUT

Although no power measurements were made, the degradation in maximum
power output can be estimaied by assuming that the shape of the V-I curve did
not change during the space experiment. This assumption 15 essentially valid for
silicon cells (Statler’s 1 Mev electron damage dats on silicor solar cells show
only a 2% reduction in fill factor.) Furthermore, the space angwsr response
data of Section III also indicates no change for the silicon cells, This assumption
is not necessarily valid for the GE and AR medul-s, but 18 used for comparison
purposes, These modules showed substantial deterioration of V-] curve shape
during laboratory testing and storage.

The data shown in Table VI] for the GE and AR modules should, therefore,
be regarded as the best case; the actual power output degradation would be
somewhat greaier,

The relative power output may, therefore, be calculated using the following
equation, by assuming that the fill factor, F, does not chaunge:

P . F(vD
R Flyl

Table VII presents power output degradetion results which were caloulated
by this method, using data from Tables IV through VL I is again evident that:
1, The WD modules incurred the least degradation,
2, The initial degradation of all modules was gresater than expectied,
3. The total (358-day) degradation of the WD modules was less than
predicted, whereas the degradation of the WN and IP modules was
greater than predicted.
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TABLE MI
ANNUAL DEGRADATION RATEIPERCENT) AFTER
INITIAL DEGRADATION PERIOD (20 DAYS FOR TEST DATA AND
160 DAYS FOR PREDICTED DATA) IN 2000 NM POLAR ORBIT

Modul Short Civcuit Current Open Circuit Voltage
Type Pradicted Test Resuits Predicied Test Results
WN 10 9 ] "
wD 8 -4 7 ]

GE(FTV-2) 14 -8

AR{FTV=2) 7 31
10 q 6 9

TABLE ¥YIL

PERCENT DEGRADATION IN MAXIMUM POWER OUTPUT,

IN 2000 NM POLAR ORBIT
Module Total (358 Days) Initisl 20 Doys : Annual Rote
Predicted Test Resuits
Type Pradictad| Test Resuits Predicted | Test Results [ Affer 160 Days | After 20 Doys
"~ - -
WN 38 419 14 25 5 12 [R:]
wo L 23310 s 16 5 14 7
GE(FTV-2) *s0t11 *33:5 *y
AR(FTV-2) %64 £9 *a7t4 "36
b 38 Tt 14 26’6 12 13

» Best cate,octudl degradation is probabiy graater .
w All predicted values were coiculated from Cherry and Stetlers efficiency degrodotion
doto { Tablie 6, reference 4)
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SECTION VI
CONCLUSIONS

Several conclusiocns can be derived from the data presented In this Technical
Report, i the pre-flight electrical purformance data, Tadle 1, is reviewed,
it becomes apparent that the sunlight conversion officiency of thin filr: module
types 1s approximately 1/3 the efficlency of silicon module types, Thus for
a g.ven Initial power requirement, a thin film solar urray would regquire 3 times
as much area as its silicon solar array counterpart, Also, since boilr cadmium
telluride and cadmium sulfide modules failed to survive gualification tests, it
can be concluded that the euvironmental resistance of thin {film cells. i the
configuration described, 18 inferior to that of siifean solar colis.

The results of laboratory angular response tests show that the shert
oircult ourrent is pioporiional to the cosine of the angle of incidence from
0* to 50" incidence, and is alightly less than proportional from 50° fo $0° Incideuce,
The open circuit voltage is relatively unaffected Ly incidence angle from 0° to
50° incidence. At 50° incidence the open ciroult vuitage reduction is only about
2%, and 18 about 6% at 70° inclcence, As might be expected, the angular respouss
curves for maximum power and partial (high resistarce) loads lie betwecu the
short circouit and open circuit curves. The maximum power cwve closely
resembles and I8 from 0 to 5% higher than the short circuit curve,

Anclysis of the spaco experiment data ludicales thai boilb shori cireudi
current and open cirouit voltage angular response In space are simiar to
laboratory angular response, except for the effeot of refiected energy from
vehicle surfaces and the earth’s albedo. This effost varied from 0 to 304 on the
short circuit curves, and was negligible on the open circuit curves, Prolonged
exposure to the space environment (358 days) produced no apparent changes in
the shape of the angular response curve,

The analysis of the radistion environment at orbit altitude of 2000 nautical
miles shows that protons in the 4.5 to 10 Mev range are mwost effective in pro-
ducing solar cell damage, The total proton-electron environment in this polar
orhit corresponds to an equivalent 1 Mevelectron flux of 2 x 1013 e/cm2 per day,
or 7.3 x 2019 e/cm2 per year,

yasnbich] Mt amas
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No in-orbit performance advantages of thin film solar cells over silicon
solar ocolls were demonsirated in the space experiment, The cadmium sulfide
and padmium telluride modulos suffersd severe degradaiion and/or compieie
failure due to causes other than radiation damage, since similar behavior was
noted in laboratory storage and testing of similar modules during the same time

period. *

The in-orbit performance of the drift-field silicon modiles was clearly
superior to the performance of all other modules, Both predicted and aotual
results show this superiority, The predicted maximum power degradation for
the 358 day orbital test was 31%, whereas aotual test results showed 13 to 33%
degradation,

The validity of the equivalent 1 Mev electron method, as described in
Section IV, for predicting solar cell radiation damage was confirmed, Dis~
crepancles between predioted and actual results were less than the experimental
errors encountered, The use of this method is, of course, limited to those
solar cells for which laboratory 1 Mev electron test data are available,

In any fulure solar cell space experiments, it is strongly recommended
that suftable shielded, pre~irxudiatec solar cells be used as standards, and
exposed to the mame conditions as the teat cells. Analysis of test cell performance
roelative to standard cell psriormance would eliminate many of the errors
encountarad in this exporfment. Sulficienl eaperimenial daia should aiso be
obtained to determine the maximum power degradation and the changes, if any,
in the voltage~current characteristics of the test cells.

*Attention is invited to the fact that the data and conclusions of this report
pertain to experimental solar cells which were manufactured in July and
August 1965, except for cadmium sulfide modules included in flight 2 which
were manufactured in March 1966. All types of cells hgve been improved
since these dates, but a discussion of the specific improvements is outside

the scope of this report,
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V1. SUPPLEMENTARY NOTAS 12. SPONJORING MILITARY ACTIVITY

9 ABSTRACY

This report describes an experimental effort to decermine solar cell degrada-
tion and angular response in a 2000 NM polar orbit. Solar cell experiments
including five different types of solar cells were devised for each of two Afr
Forese orbiting vehicies, The cell types were dendritic silicen, dendritic silicen
drift field, cadmium telluride thin film, cadmium sulfide thin film, and fon
implanted sl on, The cells were tested in a moduls configuration consisting
of eight, 1 x 2 centimeter cels of each type in electrical series.

The short circuit current and opencircuit voltage parameters were monitored
over a ona vear period, The measured degradation was compared with predicted
degradation based upon tha Var Allen inner belt proton/eleciron model and results
of accelerator produced 1 Mev electron radiation, The total proton/electron
environment in the 2000 NM polar orbit corresponded to an equivalent 1 Mev

electron fluence of 7.3 x 1015 e/ cm2 per year which produced a predicted power
degradation of 38 percent In non-drift field silicon cell types and 31 percent In
ailicon drift field types. Measured quantities were found to substantiate the
validity of the 1 Mev electron method for predicting silicon solar cell damage.
Thin film solar cells (in the configuration described in the report) failed in
parth orhit for weasons other than radiation damage., Thermal effects and
mechanict] delamination ere belleved to be the most likely reasons for their

failure,
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The angular resdponse of solar cells In space agreed with angular response
messurements taken In the lahoratory except for effects of stray radiation from
earthshine and vebicle reflecticns. Angular response was also determined to
be independent of radiation damage level,
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